Abstract In order to investigate the effect of aperture geometry on deposition mitigation, stainless steel (SS) first mirrors (FMs) were fixed on the holders of protective aperture geometry with different depth-diameter ratios (DDRs) and exposed in the deposition dominated environment of EAST. A baffle was used during the wall conditioning. The surface properties and reflectivity of the FMs were characterized before and after exposure. It is shown that using aperture geometry and a baffle can effectively mitigate the impurities deposition. The degradation of the surface and specular reflectivity of the FMs is reduced with the increase of DDRs in the range of 0 to 2. The main contaminated elements in a low-Z and high-Z mixed wall materials environment were still carbon and oxygen.
Introduction
First mirrors (FMs) are the essential elements for the optical diagnostic system in ITER where there will be more than 80 FMs [1] . These mirrors face the plasma directly and are subject to the extremely hostile irradiation environment. As a result, the reflectivity of the FMs will be degraded and the accuracy and validity of the diagnostic signal will be influenced. The diagnostic system may be out of its operation limits in a serious situation. Therefore, the lifetime of the FMs is a critical issue and related researches have been proposed as a high-priority topic within the International Tokamak Physics Activity (ITPA) topical group on diagnostics, and the corresponding special working group on the first mirror was also established [2] .
The two main reasons leading to a deterioration of the reflectivity are the erosion and the deposition on the surface of FMs due to plasma-surface interaction. The erosion due to sputtering, caused by the charge exchange atoms and energetic ions, and the deposition actually co-exist during the plasma operation in the tokamak. When the erosion is prior to the deposition, the erosion effect dominates. The small scale micro-relief and stepped structure will be developed on the surface of the FMs [3] . Using the single crystal and film materials can avoid the appearance of a large-scale stepped structure [4] and prolong the lifetime of the FMs. On the other hand, when the deposition dominates, deposition layers form on the surface of the FMs by the redeposition of the eroded first wall material bombarded by energetic particles and the wall conditioning material. The surface roughness and the surface composition will be modified, which leads to the serious decreasing of the surface properties and the reflectivity of the FMs. Great efforts are focused on investigating the FMs' performance under a deposition-dominated environment in various devices such as JET [1] , Tore Supra (TS) [5] , HL-2A [6] , HT-7 [7] , TCV [8] , TEXTOR [9] and DIII-D [10] tokamaks. The reflectivity of the FMs seriously decreased after exposure in these experiments. In order to find a way that can effectively mitigate the deposition and prolong the lifetime of the FMs, more dedicated experiments are needed to study the performance of FMs under the deposition dominated environment in more devices.
EAST [11] is a medium size tokamak with a major radius of 1.7 m and a minor radius of 0.4 m. Only a few FM experiments were carried out in EAST. The FMs exposed to the different deposition dominated regions of EAST indicated that the reflectivity of the FMs deteriorated severely [12] . To minimize the deterioration of the FMs under the deposition dominated environment, the FMs made from the polycrystalline stainless steel (SS) material were mounted behind the protective aperture geometry with different depth-diameter ratios (DDRs, the ratios of the depth to the diameter of the aperture geometry, seen in Fig. 1 deposition dominated region in EAST. In this experiment, the main vacuum chamber material of EAST is molybdenum (Mo) (C: 0.01%-0.04%, Ti: 0.42%-0.55%, Zr: 0.07%-0.12%, O≤0.05%), and the divertor target material is SiC-coating on graphite. The carbon and metal walls are co-existing, which is similar to the first scenario of the ITER. The surface properties and the reflectivity of the mirrors were characterized before and after the exposure. This paper reports the results of the deposition mitigation of the FMs in a deposition dominated ITER-like environment in EAST.
Experimental setup
The FMs samples with a diameter of φ12 mm and 3 mm in thickness were polished by the fouraxis polishing machine with a 40 µm SiO 2 liquid application and cleaned by ultrasonic cleaning machine with anhydrous alcohol for 300 s before installation into the holders. The 316 SS (C≤0.03%, Si≤1.00%, Mn≤2.0%, P≤0.035%, S≤0.03%, Ni: 12.0%-15.0%, Cr: 16.0%-18.0%, Mo: 2.0%-3.0%) was cut to cuboids with a side length of 10 mm and with different heights. The aperture geometry with a diameter of 10 mm was machined to be viewed to the plasma by the FMs. The FMs were fixed behind the protective aperture geometry with DDRs of 0, 0.5, 1 and 2 respectively (seen in Fig. 1(b) ). Screws and markers were used to fix the FMs. The whole FMs system was installed in sector A, which is used to install the diagnostic systems. There is a baffle used to shadow the FMs during the wall conditioning at the long interval between the plasma discharges. To determine the effect of the wall conditioning, another mirror fixed behind the aperture geometry with a DDR of 2 and without the baffle protection was exposed in sector C of EAST. The locations of the FMs installed in EAST are shown in Fig. 2 , and the related parameters are listed in Table 1 .
The exposure experiment campaign lasted for 203 days with plasma operation for 133 days. The FMs were exposed to plasma for about 790 min, with a plasma current I p of 300-600 kA, an electron temperature of edge plasma T e of 1-20 eV, and an electron density n e of 1.2-7.5 × 10 19 m −3 . Additionally, the lower hybrid current drive (LHCD) and ion cyclotron radio frequency (ICRF) were applied in 3687 and 2516 plasma shots, and the maximum power of LHCD and ICRF was 3.0 MW and 2.3 MW respectively. In order to suppress the impurities and improve the plasma behaviors, the lithiation as the main wall conditioning method was applied about 84 times and about 1600 g lithium in total was used. Before each lithiation, the wall was cleaned by ICRF or glow discharge cleaning for at least half an hour [13] . The FM in sector C was exposed to the plasma for 110 days with plasma operation for 40 days, and with a plasma exposure time of about 181 min in total. Fig.1 (a) The definition of the DDR for the protective aperture geometry, (b) The mirrors fixed on the holders of the protective aperture geometry with DDRs of 0, 0.5, 1 and 2. The whole system was mounted on the gaps between the up-plane of sector A and a plane baffle which is fixed on sector A. The baffle was connected with steel wire, feedthrough and pulley with which it could be controlled outside the vacuum chamber Fig.2 The toroidal location of the FMs in EAST, the red area illustrates the region covered by the wall conditioning 
Optical characteristics
The specular reflectivity of the exposed FMs is shown in Fig. 3 . It should be noted that the C2 sample totally lost its specular reflectivity, even for a much shorter exposure time. This clearly demonstrated a significant increase of degradation for the mirror without the baffle in comparison with those with the baffle. We can deduce that the thick deposition layer (C2 in Fig. 5 ) was formed on C2 during the wall conditioning, which led to the loss of the specular reflectivity. To maintain the reflectivity and prolong the lifetime of the FM, the baffle should be used to shadow the FM during the wall conditioning. Fig.3 The dependence of the specular reflectivity on the wavelength for the SS mirrors before and after exposure As can be seen from Fig. 3 , the degradation of specular reflectivity of the exposed FMs is reduced with the increase of DDRs in this experiment. A similar result was also found in the divertor region of JET [1] . The divertor region is near the stirring point, and thus the particles flux is definitely high. As a result, the erosion caused by particles would be much less than the deposition of the particles. While in another situation, a similar result would be achieved if the energy of the particles was low enough, lower than the physical sputtering threshold of the material. Besides, the introduction of the aperture geometry would sharply lower the total amount of particles arriving at the FM surface. As a result, the deposition would decrease along the aperture direction. The larger DDRs of the aperture geometry resulting in the less deposition on the surface of the exposed FMs can obtain a higher specular reflectivity of the exposed FMs. However, the results of the FMs exposed with the DDRs larger than 2 are not addressed, which needs to be investigated in the future.
After exposure, depositions formed on the surface of the FMs, which can be seen in Fig. 5 and will be discussed later. Fig. 4 shows the absorptivity of the exposed FMs. It is calculated by the Kubelka-Munk functions which is automatically used in the Japanese SHI-MAZU spectrophotometer with the reflectivity of the FMs. The material of the reference sample is BaSO 4 . The values of the absorptivity are the relative value to that of BaSO 4 . From Fig. 4 , we could see that the absorptivity of the exposed FMs increases with the decrease of DDRs, which is opposite to the tendency of the specular reflectivity shown in Fig. 3 . The much higher absorptivity of the exposed FMs also partly explains the extremely low specular reflectivity below the wavelength of 300 nm, which is caused by the formation of the carbon depositions that have a high absorption to the ultraviolet light. Fig.4 The dependence of the absorptivity on the wavelength for the SS FMs before and after exposure 
Visual observation
The photographs of the FMs before and after the exposure are shown in Fig. 5 . For a better comparison, the brightness and the contrast of the original photographs were adjusted to 65% and 90%, respectively. One can clearly see depositions on the surface of the exposed FMs. However, the depositions exhibit quite differently with respect to the DDRs. The depositions become more uniform with the increase of DDRs, which illustrates that the protective aperture geometry can prevent the particles from arriving at the surface of the FMs and reduce the total amount of the deposited particles. The contaminating particles deposited on the surface of the FMs with a large field of view. The higher protective aperture geometry introducing the larger DDRs will result in less particles depositing on the FMs. Although the exposure time is much shorter, the deposition is thicker on the surface of the FM exposed without the baffle than those with the baffle, which indicates that the main source of the deposition is the wall conditioning procedure and that the baffle is very necessary during the wall conditioning. Besides, the depositions were found to be inhomogeneous. It was produced by the shadow of aperture geometry and the markers, which was fully explained by T. Akiyama in Ref. [14] . The more inhomogeneous of the deposition on A0.5 than that on A0 is due to the more complex exposure environment produced by the protective aperture geometry.
Deposition characterization
The surface roughness of the pre-exposure FM was 1.9 nm measured by means of the atomic force microscope (AFM). After exposure, the surface roughnesses were 16.4 nm, 13.1 nm, 9.39 nm and 3.57 nm for A0, A0.5, A1 and A2 respectively (also listed in Table 1 ). The surface of the exposed FMs became crude, which is due to the deposition (seen in Fig. 5 ) formed during the exposure. The surface roughness decreases with the increase of DDRs, which is opposite to the tendency for specular reflectivity. To mitigate the deposition during the exposure and maintain the better original surface of the FM, the aperture geometry with a higher DDR could be more useful.
The qualitative elemental composition of the contaminated film on the exposed mirrors was obtained from energy dispersive spectroscopy (EDS) analysis. Typically, the EDS measure time for the qualitative elemental composition is 80 s. The carbon, oxygen and molybdenum were detected on the surface of C2. Only carbon and oxygen were detected on the surface of A0, A0.5, A1 and A2. It was found that a very slight molybdenum signal was detected on the surface of A0. When the EDS measure time was prolonged to 160 s, a molybdenum signal could be detected, which means that a very small amount of molybdenum did exist on the surface of A0. The EDS results are shown in Fig. 6 , which indicate that the baffle can mitigate the deposition of the metal wall material to some extent. The carbon and molybdenum came from the deposition of the sputtered divertor target material and the main vacuum chamber wall material. The oxygen may come from the oxidation procedure during tokamak operation and the air exposure after the experiment. The penetration depth of carbon is deep due to its longer transport distance than molybdenum. Additionally, the erosion rate is high due to chemical sputtering. Although the aperture's geometry cannot prevent carbon from being deposited on the surface of the FM, it successfully suppresses molybdenum from being deposited on the surface of the FM that cooperated with the baffle. One can conjecture that the carbon and oxygen may be the important deposition elements for the FM in a metal and carbon mixed wall environment. In the first scenario of ITER operation, beryllium will be used as the first wall material, a carbon fiber composite will be used as the divertor target material and tungsten will be the dome and baffle material. The carbon and metal will coexist in ITER, and thus carbon contamination influencing the FMs should be of special concern. In addition, the result of the X-ray diffraction showed that the lithium carbonates only exist on the surface of C2, which has no baffle. There is no doubt that the lithium carbonates crystallized by the reaction of the lithium oxide and the carbon oxide during wall conditioning and that the amorphous carbon films were deposited on the surface of the FMs exposed in sector A. It is obvious that the baffle could mitigate the deposition of the wall conditioning materials, which is in good qualitative agreement with the conclusion that V. S. Voitsenya made in Ref. [15] by summarizing the experiments on T-10 and HL-2A. The influence of lithium carbonates formation on the specular reflectivity is significant, as shown in Fig. 3 , and shattering the FMs is needed during the wall conditioning process.
Conclusions
SS FMs with a baffle and aperture geometry of different DDRs were exposed in EAST to investigate the deposition mitigation. The specular reflectivity of the exposed FMs varies with the DDRs of the aperture geometry. It is demonstrated that the degradation of the surface and specular reflectivity of the exposed FMs were reduced with the increase of DDRs. The FM exposed with a baffle and protective aperture geometry with a DDR of 2 maintained the best properties compared with that of 0, 0.5 and 1. Further study needs to be done to investigate the performances of the FMs exposed in aperture geometry with DDRs larger than 2.
In addition, the surface components analysis showed that using the baffle cooperated with the aperture geometry could effectively mitigate the deposition of the wall conditioning material and the sputtered wall material. However, carbon and oxygen can still deposit on the surface of the FM. It can be deduced that in the first scenario of ITER with a carbon fiber composite as the vertical target material for the divertor, carbon and oxygen may be key contamination sources on FM, even in a metal environment. To maintain the specular reflectivity and prolong the lifetime of the FM, further experiments need to be carried out.
